Bullar volume was estimated by external measurements for the subterranean genus Ctenomys (Rodentia, Ctenomyidae) and 24 species of surface-dwelling caviomorphs. Bullae were larger in Ctenomys than in caviomorphs. Larger bullar size may reflect good lowfrequency audition and could be an adaptation for subterranean vocal communication. 
Anatomy of the middle ear is informative about adaptations to sound reception and to sound frequency sensitivity (Relkin 1988) . In rodents, an important adaptive feature of the middle ear is bullar size, which varies across taxa and lifestyles (Burda et al. 1992; Lay 1972 Lay , 1993 Webster and Webster 1975) .
The suborder Caviomorpha (South American hystricognaths) offers opportunities to study adaptations in bullar morphology because it encompasses a wide range of body sizes and lifestyles (Mares and Ojeda 1982) . The purpose of this study was to investigate bullar size in the subterranean genus Ctenomys and compare the findings with the bullar size in surfacedwelling caviomorphs and the fossil rodent Actenomys, an early representative of the family Ctenomyidae and considered as a transitional form to a fully subterranean lifestyle (Fernandez et al. 2000) .
MATERIALS AND METHODS
This study was based on middle ears of 83 adult individuals representing 24 extant species in 7 families and 1 fossil species: Ctenomyi-
perrensis (n ϭ 4), C. pundti (n ϭ 4), C. rionegrensis (n ϭ 2), C. australis (n ϭ 6), C. talarum (n ϭ 7), and 4 specimens of a species of the genus Actenomys; Myocastoridae-Myocastor coypus (n ϭ 10); Agoutidae-Agouti paca (n ϭ 2); Caviidae-Microcavia australis (n ϭ 3), Cavia pamparum (n ϭ 3), Dolichotis patagonum (n ϭ 1), Kerodon rupestris (n ϭ 3); Chinchillidae-Lagostomus maximus (n ϭ 5), Lagidium viscacia (n ϭ 2); Hydrochaeridae-Hydrochaeris hydrochaeris (n ϭ 3); and EchimyidaeProechimys dimidiatus (n ϭ 1), P. albispinus (n ϭ 2).
Measurements were made with digital calipers (that had a precision of 0.01 mm) on the following variables: naso-occipital length (anteriormost point on nasals to posteriormost point on occiput); bullar length (longest axis of bulla); bullar width; and bullar depth (dorsal surface of bony meatus to ventral bullar surface). Naso-occipital length was used because it is one of the few cranial measurements not affected directly by middle-ear inflation (Webster and Webster 1975) . Bullar volume was estimated using the formula for an elliptical cone: where EBV is estimated bullar volume, L is bullar length, W is bullar width, and H is bullar height. These estimates were compared with volume as measured directly for several skulls: we removed part of the bulla and measured volume in both halves with fluid. These estimates were within 15% of volume as estimated by the above formula.
All data were logarithmically transformed (base 10) before analysis. Scaling relationships were estimated using model II reduced-majoraxis regression (RMAR). This model is the appropriate method for evaluating structural relationships between variables when both are subject to error (LaBarbera 1989; McArdle 1988) . The allometric slope b and 95% confidence intervals on b were calculated following Legendre and Legendre (1998) .
The traditional allometric approach fails to account for nonindependence of taxa (Harvey and Pagel 1991) , so we also analyzed the relationship of bullar volume with naso-occipital length using phylogenetically independent contrasts (Felsenstein 1985) . Log 10 data were converted to phylogenetically independent standardized contrasts using the PDTREE module of the phylogenetic diversity analysis program (PDAP) version 5.0 (Garland et al. 1993) . Standardization tests in PDTREE indicated that Grafen's branchlength transformation (Grafen 1992 ) was the appropriate method for assigning arbitrary branch lengths (Garland et al. 1992 ). This method assumes a gradual Brownian motion model of evolution, and the height of each node is proportional to the number of species derived from it. Slopes, confidence intervals, and other regression statistics were obtained from PDTREE. Results are presented as mean Ϯ 1 SD.
No complete phylogeny of Ctenomys species exists, so we combined partial phylogenies of Cook and Lessa (1998) , Lessa and Cook (1998) , and Ortells and Barrantes (1994)-all based on molecular evidence-to obtain a phylogenetic tree (Fig. 1A) . Phylogenetic relationships for caviomorphs were mainly based on the phylogenetic tree of Ebensperger and Cofré (2001; Fig. 1B) . Familial relationships within this phylogeny were based on molecular data (Nedbal et al. 1994 ) except for Proechimys whose relationships were based on Wilson and Reeder (1993) .
RESULTS
Results obtained by the method of phylogenetically independent contrasts showed that estimated bullar volume showed negative allometry or isometry in relation to naso-occipital length. Surface-dwelling caviomorphs showed negative allometry (b ϭ 0.52 Ϯ 0.22, r ϭ 0.74, P Ͻ 0.05, number of contrasts ϭ 10; Fig. 2A ), whereas Ctenomys showed isometry (b ϭ 0.92 Ϯ 0.22, r ϭ 0.88, P Ͻ 0.05, number of contrasts ϭ 12; Fig. 2A ).
Scaling relationships obtained by independent contrasts for continuous variables did not differ from those obtained by reduced-major-axis regression (b ϭ 0.54 Ϯ 0.09, r ϭ 0.86, P Ͻ 0.05, n ϭ 35, and b ϭ 1.04 Ϯ 0.13, r ϭ 0.89, P Ͻ 0.05, n ϭ 48, for surface-dwelling caviomorphs and Ctenomys, respectively; Fig. 2B ), although 95% confidence intervals were broader for RMAR.
Estimated bullar volume in Actenomys fell between the lines of regression for Ctenomys and surface-dwelling caviomorphs (Fig. 2B) . 
DISCUSSION
Ctenomys is a genus of solitary subterranean rodents that live in systems of closed burrows parallel to the soil surface (Busch et al. 1989) . Our findings suggest that the auditory bullae of Ctenomys are relatively larger than those of surface-dwelling caviomorphs. Greater bullar volume is commonly associated with increased sensitivity to low-frequency sounds due to an increase in middle-ear compliance (Relkin 1988) .
Several adaptive reasons for sensitive lowfrequency hearing can be suggested.
First, low-frequency vocalizations are known for some Ctenomys species (C. mendocinus, C. pearsoni, C. talarum-Francescoli 1999; G. Francescoli, pers. comm.; Schleich and Busch 2002) , and low-frequency sounds (e.g., 440 Hz- Heth et al. 1986 ) are necessary because long-distance transmission of high-frequency sounds is impossible in subterranean environments, given their rapid attenuation and dissipation over distances even less than 5 m. Therefore, the large estimated bullar volume in Ctenomys could be an adaptation for vocal communication in the subterranean environment (Francescoli 1999) .
Second, sensitive low-frequency hearing could be important for detecting predators such as owls or snakes, which prey on Ctenomys (Vassallo et al. 1994; Webster 1962) .
Enlarged bullae (and tympanic membranes) have evolved numerous times in rodents, including aboveground species such as chinchillas (Chinchilla lanigera), gerbils (Meriones unguiculatus), guinea pigs (Cavia porcellus), and kangaroo rats (Dipodomys-Fleischer 1978; Webster and Webster 1984) . In contrast, some species with sensitive hearing at low frequencies have cochlear specializations but lack enlarged bullae; e.g., subterranean blind (Nannospalax ehrenbergi) and naked (Heterocephalus glaber) mole rats Heffner 1992, 1993) . The black-tailed prairie dog (Cynomys ludovicianus) has superior lowfrequency hearing to that of subterranean rodents studied to date but has no apparent anatomical specializations in the auditory apparatus (Heffner et al. 1994) .
Actenomys is recognized as an early fossorial member of Ctenomyidae. Morphological features related to digging place Actenomys between Octodon, a semifossorial rodent that forages above ground, and Ctenomys and Spalacopus, 2 highly subterranean rodents (Fernandez et al. 2000) . Estimated bullar volume in Actenomys is inter-mediate between that of Ctenomys and surface-dwelling caviomorphs, in agreement with the presumed intermediate subterranean lifestyle proposed for Actenomys.
RESUMEN
Se analizó el tamaño de las bulas timpánicas en individuos del género Ctenomys y se los comparó con caviomorfos de superficie e individuos del roedor fósil Actenomys. Los resultados mostraron un aumento en el tamaño de las bulas timpánicas en el género Ctenomys. Este aumento podría deberse a una adaptación a la comunicación vocal en ambientes subterráneos. El tamaño de la bula timpánica en Actenomys fue intermedio entre los valores obtenidos para Ctenomys y caviomorfos de superficie, correlacionando con el modo de vida semisubterráneo propuesto para Actenomys.
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